to top jets, we find that the kinematic properties of heavy neutrinos jets, and in particular jet mass, are resilient against the effects of parton showers and hard QCD radiation. This suggests that in searches for neutrino jets, aggressive selection cuts that would otherwise be inappropriate for top jets can be imposed with minimal signal loss.
I. INTRODUCTION
The Left Right Symmetric Model (LRSM) [1] [2] [3] is an economic and well-defined solution to a number discrepancies within the Standard Model of particle physics (SM). Such issues include: the origin and lightness of neutrino masses, the existence of dark matter, and the baryon-antibaryon asymmetry of the universe. The model, based on the gauge group predicts right-handed (RH) currents and the existence of heavy, RH gauge bosons W ± R and Z R . In addition, the model contains three RH neutrinos N R that are charged under SU(2) R ⊗ U(1) B−L but singlets under SM symmetries. For masses up to several TeV, the LRSM can be tested at collider experiments such as the Large Hadron Collider (LHC) through searches for processes like
p p → Z R → tt or N R N R , with ℓ ∈ {e, µ, τ }, q ∈ {u, c, d, s, t, b},
and are shown diagrammatically in Fig. 1 . The channels lead to the distinct ℓ ± ℓ ± + nj [5] , ℓ ± + j [6, 7] , and single top [8] topologies, and have been studied extensively [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Monte Carlo (MC) modeling of the above processes by LHC experiments typically [22] [23] [24] [25] involve leading order (LO) simulations matched to parton showers (PS) and are normalized with constant factors, so-called K-factors, to account for QCD corrections. While sufficient for predicting total inclusive cross sections, the procedure does not correctly capture the kinematic changes induced by high-transverse momentum (p T ) initial-state radiation (ISR) or final-state radiation (FSR). This can substantially impact experimental sensitivity, particularly as W R (Z R ) decays to top quarks involve up to four (six) energetic jets at LO. Jet matching schemes at a scale µ ≪ M V R , for V R = W R , Z R , can alleviate such problems. However, missing virtual corrections give rise to potentially unstable soft/collinear logarithms of the form α s (M 2
/µ 2 ) that spoil perturbative convergence for sufficiently large (M V R /µ) ratios. Furthermore, decays of high-mass RH gauge bosons to top quarks and heavy neutrinos can give rise to top [26] [27] [28] and heavy neutrino [7] jets, which carry different color charges, and hence possess different QCD radiation patterns. Observables sensitive to the structure of these jets, e.g., jet mass, can be used to discriminate against SM backgrounds but require information that first arises with O(α s ) corrections.
To resolve these complications, we present the automation of next-to-leading-order (NLO) in QCD corrections with parton shower (PS) matching for an effective LRSM, using the FeynRules (FR) + NLOCT + MadGraph5 aMC@NLO (MG5 aMC@NLO) [29] [30] [31] [32] framework. The universal FR object (UFO) files [33] are publicly available from [34] and require remarkably fewer inputs for simulating fully differential, benchmark collider processes than current LO implementations [35] [36] [37] . We demonstrate this by providing predictions for W R , Z R production at the √ s = 13 TeV LHC and a future 100 TeV Very Large Hadron Collider (VLHC) [38] . We also present predictions for inclusive N production at a hypothetical Large Hadron Electron Collider (LHeC) [39] . The
Born diagrams for these processes are shown in Fig. 2 . As a case study, we investigate at NLO+PS accuracy the properties of heavy neutrino (color-singlet) jets and top quark (color-triplet) jets from decays of high-mass W R bosons at the LHC.
The remainder of the study proceeds in following manner: In Sec. II, we describe our effective LRSM model, and our computation setup in Sec. III. We present our results in Sec. IV, and then summarize and conclude in Sec. V. Instructions for using the EffLRSM@NLO model file within MG5 aMC@NLOare briefly provided in Apps. A-C.
II. EFFECTIVE LEFT-RIGHT SYMMETRIC MODEL
The Effective LRSM field content consists of the usual SM states, the W ± R and Z R gauge bosons, which are aligned with their mass eigenstates, and three heavy Majorana neutrinos N i , aligned with the RH chiral states.
In the LRSM, the W R chiral coupling to quarks are given by
Here, which is related to the SM CKM matrix. Throughout this study, we will assume five massless quarks and take both the SM and RH CKM matrices to be diagonal with unit entries. g = 4πα EM (M Z )/ sin θ W is the SM Weak coupling constant and κ q R ∈ R is an overall normalization for the W R interaction strength.
For leptons, the W R coupling and leptonic mixing is parametrized by [12, 40] 
The matrix Y ℓm ′ (X ℓm ) quantifies the mixing between the heavy (light) neutrino mass eigenstate N m ′ (ν m ) and the RH chiral state with corresponding lepton flavor ℓ. The mixing scale as [5] 
As in the quark sector, κ ℓ R ∈ R independently normalizes the W R coupling strength to leptons. At TeV collider scales, both light neutrino masses and light neutrino mixing can be taken to zero. So for simplicity, we take Y ℓm ′ to be diagonal with unit entires:
Mass and mixing assumptions are modifiable in the public model files [34] but requires UFO regeneration. Specifically, do not load the FR restrictions, "massless.rst" and "diagonalCKM.rst".
After LR symmetry breaking, the W 3 R and X (B−L) gauge states mix and give rise to the massive Z R and massless (hypercharge) B bosons. Subsequently, all fermions with (B−L) charges, including ν L and N R , couple to Z R . For chiral fermion f , we parametrize the Z R neutral currents by 
SU(2) L , SU(2) R , and U(1) EM quantum number assignments for f are summarize in Tbl. I.
For generic κ q,ℓ R normalizations, the LO W R , Z R partial decay widths are then
r
Assuming diagonal quark mixing and lepton mixing in Eq. (7), the total W R , Z R widths are then
While we take M W R and M Z R as independent phenomenological parameters, they are related in the LRSM by the relation
As the size of m N m ′ are governed by Yukawa couplings, the masses of N m ′ are largely independent of M W R . For the following representative input,
which we will motivate in the next section, the corresponding partial and total widths for W R , Z R , and N 1 are summarized in Tb. II. We have checked our model against these analytic results.
A. Collider Constraints on Effective LRSM
Direct and indirect tests place stringent limits on the LRSM. For a recent review, see [7] and references therein. Current LHC dijet and dileptons+jets searches require [22] [23] [24] [25] :
Using the M W R − M Z R mass relation of Eq. (18), the subsequently limit on M Z R is:
Heavy neutrino masses remain unconstrained at colliders for (m N m ′ /M W R ) 0.1 due a breakdown of standard collider searches [7] . We exploit this latitude and equate the lightest heavy neutrino mass, which we denote for simplicity as N with mass m N , to the top quark mass, m t . For simplicity, we decouple the two remaining heavy neutrinos with unrealistically large masses. We do not advocate such a scenario will be realized in nature. This mass assignment permits us to make a more systematic comparison of heavy neutrino and top jets in Sec. IV C. We summarize our choices of LRSM inputs in Eq. (19) .
B. Limitations of the Effective Left-Right Symmetric Model
The Effective LRSM is sufficient to describe at NLO+PS accuracy resonant production and decay of W R , Z R , and N in pp/ep/ee collisions, and in particular the processes listed in Eqs. (2)- (3). This is done with minimal couplings, as seen in Eqs. (4)- (8). A limitation of the model is that it does not extend the SM Higgs sector to include the LRSM scalar fields. Constraints from flavor changing neutral current processes imply that the LRSM Higgs masses are as heavy as [15] [16] [17] [18] [19] [20] TeV, and hence decouple from LHC phenomenology [7, [41] [42] [43] [44] . It is this exclusion that gives the Effective LRSM its flexibility. However, as a consequence, non-Abelian W R and Z R interactions, as well as their couplings to SM bosons, are ill-defined. Phenomenologically, this implies that most resonant pair production and vector boson scattering processes involving W R and Z R are not correctly modeled. The SM, on the other hand, is fully supported.
III. COMPUTATIONAL SETUP AND SIGNAL MODELING A. Model Implementation
We implement the SM Lagrangian with Goldstone boson couplings in the Feynman gauge and the Lagrangian terms of Eqs. (4)- (8) in the Unitary gauge into FR 2.3.10 [29, 30] . R 2 rational and QCD renormalization counter terms are calculated with NLOCT 1.02 [31] and FeynArts 3.8 [45] .
UFO model files are publicly available from the FR model database [34] , and can be ported into modern event generators, including MG5 aMC@NLO [32] , HERWIG [46] , and SHERPA [47] .
B. Monte Carlo Configuration
Fully differential results at LO and NLO are obtained using MG5 aMC@NLO 2.5.β2 [32] .
Events are parton showered and hadronized using Pythia 8.219 (PY8) [48] , and passed to MadAnalysis5 v1.4 [49] for particle-level clustering. Unless stated otherwise, jets are clustered via LRSM inputs are given in Eq. (19) . SM inputs are taken from the 2014 Particle Data Group [53] :
We use the NLO NNPDF3.0 parton distribution function (PDF) set (lhaid=260000) [54] for LO and NLO calculations. PDFs and α s (µ r ) are extracted using LHAPDF 6.1.6 [55] . For all processes, we equate the renormalization (µ r ) and factorization (µ f ) scales. We choose as a dynamical scale, half the sum over all final-state transverse energies:
At NLO, we estimate the residual uncertainty from missing higher order terms by simultaneously varying µ r , µ f over the range:
Instructions for using the Effective LRSM at NLO within the MG5 aMC@NLO framework are provided in App. A. For total inclusive cross sections reported in Sec. IV A and IV B, no phase space cuts are applied. To study the properties of N jets and t jets, we consider the processes
→ N e ± , tb, and′ , for q ∈ {u, d, c, s},
at NLO in QCD. We include hard QCD radiation off the final-state quarks and a finite W R width.
While we neglect interference with the SM W for simplicity, it is possible to implement it within our framework. To minimize the contamination of far off-shell W R with virtualities
we impose a generator-level cut on X ∈ {N, t, q} and require p X T > 750 GeV. While the cut on light quarks is trivial in MG5 aMC@NLOrestrictions on on-shell heavy neutrinos and top quarks require implementing a user-defined cut into the phase space integration routine. This can be done in a straightforward manner; see App. C for instructions.
C. Spin-Correlated Decays of N and t with Improved MadSpin
We decay N and t via MadSpin [56] , thus retaining full spin correlation, just before parton showering. However, three body decays like N → ℓ ± W ∓ * R → ℓ ±′ are not supported in current releases of MadSpin. Therefore, we have implemented an extension of the code to support such subprocesses. To achieve this, we first use a standard MC technique to generate unweighted decay events with the parent particle being exactly on-shell. Those events are then boosted to match the decaying particle of the production event. Obviously such samples lack spin-correlations between the production event and the decay event. To include spin effects, one can re-weight each decayed event by the following ratio:
where
are, respectively, the matrix-element squared for the production event, the decay event, and the decayed production event. In order to keep unweighted events after such re-weighting, we follow the MadSpin strategy of keeping the same production event and try associating it with different decay events as long as none of them pass the unweighting criteria.
This feature will be include in MG5 aMC@NLO 2.5.3 and is currently available on request. The syntax for enacting such decays is provided in App. B. We note that is also presently possible to perform the three-body heavy N decay with PY8, but at the cost of neglecting spin corrections.
[fb] 
IV. RESULTS
We now report our results for several processes in pp and ep collisions: In Sec. IV A, we present inclusive pp → W R , Z R production rates at NLO for the LHC and VLHC. In Sec. IV B are the LO rates for inclusive N production in different LHeC configurations. And in Sec. IV C, we present kinematic properties of neutrino jets and top jets originating from W R decays at the LHC.
A. Inclusive W R , Z R Production in Hadron-Hadron Collisions
In Fig. 3 , we show the total inclusive pp → W ± R (solid) and Z R (hash) NLO production cross section as a function mass at (a) √ s = 13 and (b) 100 TeV, for coupling normalizations κ q R = 0.75, 1.0. The curves' widths corresponds to residual scale uncertainty. As the same scale is probed, the uncertainties for the two κ q R are identical. In the lower panel are the NLO K-factors,
We apply our calculations to masses as low as M V R = 10 GeV. While excluded for κ q,ℓ R = 1, as reported in Sec. II A, this is not necessarily the case for scenarios with κ q,ℓ R ≪ 1. At both colliders, we observe for M V R < 30 GeV that NLO corrections increase the total cross section by more than 50%, and reach ∼ 100% for M V R = 10 GeV. Such immense corrections are attributed to the large gluon PDF at small x, and leads to a similarly large gq luminosity. Corrections at next-tonext-to-leading order (NNLO) [61] show that the perturbative series is convergent. We note for
3 that the NLO scale uncertainty underestimates the size of additional perturbative corrections. The contribution from resummed threshold corrections in that regime greatly exceed the NLO and NNLO uncertainty bands, and have been found to be at least as large as the NLO corrections [7] . Hence, for extreme values M V R , the NLO K-factors used in LHC searches [22] [23] [24] [25] underestimate W R , Z R cross sections. Correcting for PDF and scale choice, we confirm that the predictions of our model file agree with known LO [37, 57, 58] and NLO [7, 61, 62] calculations, as well as Z R production in ee collisions [59] . We summarize our findings in Tb. III.
In principle, associated top production channels at NLO in QCD, e.g.,
are possible with the model file. However, such radiative processes grow logarithmically as σ ∼ 
these logarithms lead to numerical instabilities and require either a subtraction scheme to remove double counting of phase space configurations [63] [64] [65] [66] , or kinematics cuts on final-state tops consistent with Collins-Soper-Sterman perturbativity demands [67] as outlined in [68] . Further discussions of such corrections are beyond the scope of this study.
B. Inclusive N Production in Hadron-Electron Collisions
Proposed multi-TeV deeply inelastic scattering (DIS) experiments, such as the LHeC [39] and eRHIC [75] , are well-motivated and can greatly improve our knowledge of PDFs at low-and high-x, resummed QCD, and EW couplings. Additionally, due to the cleanliness of the collider environment (in comparison to pp collisions) and the increased c.m.e reach over the LHC, the LHeC offers a complementary opportunity to search for new physics. In particular, the LHeC is capable of probing regions of LRSM parameter space inaccessible to the LHC [69] [70] [71] [72] .
The LRSM can be tested at the LHeC through searches for heavy N through the process,
which is mediated by t-channel W R exchange and is shown in Fig. 2(b) . Initial search strategies [71, 72] have proposed requiring three high-p T jets in the central region of the detector. Two arise from the decay of N , the third from the associated W R exchange. We argue that the requirement of a third jet is unnecessary and likely reduces N discovery potential: Eq. decay products of N , which scale like m N . Subsequently, a large (and entirely finite) region of the phase space is populated by forward, low-p T jets that do not satisfy the selection criteria of [71, 72] .
Furthermore, this spectator is not necessary to reconstruct the heavy neutrino momentum. We therefore recommend a more inclusive approach, and propose instead the search
As a function of m N , we show in Fig. 4 the inclusive cross section at LO for Eq. (30) with representative M W R and proposed beam configurations [39, 72] . For select (M W R , m N ), we summarize our findings in Tb. IV. We defer a detailed signal-vs-background investigation to a future study.
Automated NLO in QCD corrections
are not yet possible within the MG5 aMC@NLO framework for ep collisions. As this is presently possible for pp and ee beam configurations, the issue is merely technical rather than conceptual. We note though that while total inclusive rates remain essentially unchanged at NLO for DIS processes, this is not true differentially as studies of vector boson fusion beyond LO+PS have shown [68, 73, 74] . We advocate for such a computational abilities in order to accurately assess the physics potential of future high energy DIS.
C. Kinematics of Neutrino and Top Jets at NLO+PS in LHC Collisions
Heavy neutrinos and top quarks originating from W R (or Z R ) decays carry characteristic transverse momenta that scale as p T ∼ M W R /2. For M W R ≫ m N,t , such neutrinos and tops are highly Lorentz boosted. Subsequently, their decays to leptons and/or quarks, as shown in Fig. 5 , are highly collimated, and lead to the formation of heavy neutrino jets [6, 7] and top quark jets [26] [27] [28] .
In this section we compare kinematics of neutrino, top, and light quark jets from high-mass M W R decays at NLO+PS accuracy. We describe our computational setup in Sec. III. The N → ℓ ±′ branching fraction is 100%; for t, we allow both hadronic and leptonic decays of the SM W .
Events topologies are studied by first identifying charged lepton candidates, then clustering all residual objects, including potentially misidentified leptons, into jets. Stable charged leptons ℓ ∈ {e, µ} are considered hadronically isolated if the scalar sum of transverse energy (E T ) over all neighboring hadrons X within a distance of ∆R ℓX < 0.3 is less than 10% of the lepton's E T , i.e.,
At the 13 TeV LHC, charged lepton candidates are then defined as hadronically isolated leptons that meet the following kinematic, fiducial, and lepton isolation requirements [76] :
We cluster all remaining constituents into jets according to the Cambridge/Aachen (C/A) algorithm [77, 78] with a separation scale of R = 1.0. We ignore clustered jets with p T < 20 GeV [79] .
Charged leptons and jets are ordered according to their p T (hardness), with p
. To select for top quarks and heavy neutrinos, we apply the following mass cut on the hardest jet, j 1 :
The NLO+PS accurate cross section before and after the jet mass cut are: We see that the m j (accidentally) brings the individual rates to a very comparable level, avoid the need for any additional type of normalization. Without the cut, the quark channels are much larger due to branching fractions that are 3 − 6× larger. To reconstruct W R kinematics, we drop the jet mass cut and sum the momenta of the two hardest jets in the quark channels, or hardest jet and lepton in the neutrino channel. In Fig. 6 we plot at NLO+PS accuracy, the differential distributions of various observables related to j 1 in W R production and decay to heavy neutrino (solid), top quark (dash), and light quark (dot) jets, at the √ s = 13 TeV LHC. For observable O, the lower panel shows the differential NLO+PS K-factor, defined as the ratio
In Fig. 6(a) , we show the p T distribution of j 1 . The Jacobian peak at production, which is driven by virtual and soft corrections. We attribute the differences in broadening and K NLOPS p T simply to the fact that quarks carry net color charge, unlike neutrinos: Quark jets are susceptible to hard, wide-angle FSR that carry away momentum and causes broadening in the p T spectrum. In DY-type processes, this is more accurately modeled by matrix element corrections that first appear at NLO in QCD than by parton showers.
In Fig. 6(b) is the rapidity (y) distribution of j 1 . Compared to quark jets, heavy neutrino jets possesses a broader, flatter distribution. With respect to LO+PS, again,
and is
approximately constant for neutrino jets. For quarks jets, we observe a depletion of events with larger rapidities, and is consistent with the p T spectrum at NLO+PS.
We show in Fig. 6 (c) the jet mass distribution centered about m t . For heavy neutrino and top jets, the resonant peak around m t is unambiguous. As the light quark jet contribution is a continuum at this mass scale, it is featureless. Most striking is the upward shift in the top jet mass compared to the neutrino jet mass. The shift is caused, in part, by the production of an off-shell top that then emits a (semi-)collinear radiation and is brought on-shell. The collinear nature of the emission means it is captured by the sequential jet algorithm and is well-modeled by parton
showers. As M W R ≫ m t , such a configuration is not phase space suppressed. Non-perturbative and large finite width effects are also important [80, 81] . For more details, see, e.g., [80, 81] and references therein. However, as neutrinos are not subject to such effects, N jets retains their narrow, resonant structure, even after showering and hadronization. This suggests that searches for neutrino jets, as proposed by [6, 7] , may be able to impose much more aggressive invariant mass cuts than the 15 GeV presently used in LHC top quark mass studies [82] .
In Fig. 6(d) we plot the ratio of m j 1 /M Hemisphere , where M Hemisphere is the hemisphere mass associated with j 1 . We define the hemisphere mass of the leading jet simply as the invariant mass of all jet momenta p k in the same hemisphere as j 1 , i.e.,
Due to the large W R mass we consider, it is largely at rest in √ s = 13 TeV collisions. This is supported by Fig. 7(a) . Subsequently, while not rigorously infrared-collinear safe, the axis defined by the direction of hardest jet is the thrust axis to a good approximation, justifying the use of Eq. (37) . The utility of this ratio is its sensitivity to radiation associated with a parton but missed by a jet algorithm because the emission angle is too wide, e.g., high-p T , wide angle FSR off a top quark that falls outside the top jet's radius. Due to the presence of non-global logarithms and jet substructure, as well as parton shower dependence, a complete and systematic study of hemisphere variables is outside the narrow scope of this report. For further details, see [83] [84] [85] [86] and references therein. In the context of the C/A algorithm, the ratio can be interpreted as the mass ratio of a jet with R = 1 to that of a "larger" jet with R ≈ π/2. In all three channels, we find a sizable fraction of events are concentrated at 0.9 < m j 1 /M Hemisphere < 1, indicating that single the hardest jet from high-mass W R decays contains most all the radiation one one side of the detector. As expected, fewer quark jet events satisfy this property. The accumulation at smaller ratios is due to the large contamination from ISR, which is supported by the flat N jet differential K-factor.
In Fig. 7 we show the kinematics of the reconstructed W R system built from the (j 1 j 2 ) and (ℓ ± j) systems for the quark and neutrino channels, respectively. No jet mass cuts are applied. In R 's rest frame. Due to bin resolution, the Sudakov shoulder in the p T spectrum is not shown. In the invariant mass distribution, we find sizable broadening in the quark channels of the W R mass peak due to hard, wide-angle FSR; this is largely absent for neutrinos.
Categorically, we observe that neutrino jets possess largely constant differential K-factors. This is qualitatively different from quark jets, which feature more dynamical K O . The result follows from the color-singlet nature of the pp → W undergo QCD FSR, implying that all QCD corrections are confined to the′ → W * R subprocess. However, due to the large M W R considered, high-p T ISR is phase space-suppressed, leaving only hard-collinear (HC) and soft ISR. HC radiation is encapsulated in the definitions of PDFs and parton showers, and therefore is the same at LO and NLO. For high-mass DY processes, in both the SM and generic BSM scenarios, virtual corrections and soft radiation amplitudes factorize into the Born amplitude and universal form factors that combine (due to the KLN theorem) into a finite QCD scaling factor. Subsequently, total and differential NLO in QCD K-factors for high-mass DY systems are constant, up to running of α s (µ).
V. SUMMARY AND CONCLUSION
The LRSM is a predictive and economic extension of the SM that explains several observations not accommodated by the SM. It postulates the existence of the W R , Z R , gauge bosons and Majorana neutrinos N , that may be discovered/studied at the LHC or near-future collider experiment.
We report the construction of a new MC model file capable of simulating fully differential benchmark W R , Z R , and N production and decay processes at an accuracy up to NLO+PS using the FR+MG5 aMC@NLO+PY8 framework. Such corrections are necessary to realistically model QCD radiation at hadron super colliders. Remarkably fewer input parameters are required in comparison to LO LRSM implementations. Publicly available UFO files [34] are compatible with similar general-purpose event generators, e.g., HERWIG and SHERPA.
Our NLO in QCD corrections and residual scale uncertainty for inclusive pp → W R , Z R production at the 13 TeV LHC and 100 TeV VLHC are in agreement with other findings. This is similarly the case for inclusive e − p → N + X production at a future LHeC experiment.
As a case study, we have investigated at NLO+PS accuracy, the kinematics of heavy neutrino jets and top jets originating from the decay of high-mass W R decays at the 13 TeV LHC. With respect to LO+PS, we find appreciable changes to top jet kinematics that we attribute hard, wide-angle FSR not captured by parton showers. Conversely, due to the absence of such FSR, we find neutrino jets kinematics are resilient against the effects of parton showers and hadronization.
This suggests that in searches for neutrino jets, aggressive selection cuts that would otherwise be inappropriate for top jets can be imposed with minimal signal loss. In this section, we provide brief instructions for simulating particle production in the Effective LRSM using the MG5 aMC@NLO+PY8 framework for FO and PS predictions. In the same environment, the LO cross section at, say, 100 TeV can be computed with the following:
> launch PP_WR_NLO > order=LO > set LHC 100
Inclusive pp → Z R production rates are obtained by making the obvious wr → zr substitution.
To simulate pp → W R → N e ± at NLO+PS with finite W R width effects, the commands are:
> generate p p > wr+ > n1 e+ [QCD] > add process p p > wr-> n1 e- [QCD] > output PP_WR_Ne_NLO; launch Other leptons, e.g., N 2 or τ ± , can appear in the final state but may require regeneration of the LRSM UFO; default lepton mixing is set according to Eq. (7). For W * R → tb, the commands are: The third line turns off the PDF for the electron beam, whereas the fourth and fifth line sets the individual beam energies. The line after sets the electron beam polarization to P e = +80%. 
